In this study, a calcium phosphate scaffold of hydroxyapatite (HAp) and dicalcium phosphate dihydrate (DCPD) for application in osteoconductive and osteoinductive scaffolds was synthesized and characterized. The important note is that the prepared composites converted to HAp/tricalcium phosphate (TCP) after heat-treatment. This class of composites is interesting because porous HAp/TCP generally degrade more rapid than HAp due to the increased resorption rate of TCP. According to the obtained results, the values of elastic modulus, compressive strength and density of the samples reduced with increasing the percentage of the DCPD phase. It is worth mentioning that the mechanical properties of the prepared samples were near the natural compact bone. The samples were examined in vitro to confirm the apatite forming ability of the composites. Also, in vivo examination in a rabbit model was employed. After fully observation it was concluded that new bone formed on the pore walls, as osteoids and osteoclasts were evident two months postoperatively. Based on the obtained results, the prepared scaffolds seem to be a promising biomaterial for low weight bearing orthopaedic applications.
INTRODUCTION
Bone tissue engineering and regenerative medicine is a new research area with clinical applications in bone replacement on orthopedic defects, bone neoplasia and tumors, pseudoarthrosis treatment, stabilization of spinal segments, as well as in maxillofacial, craniofacial, orthopedic, reconstructive, trauma and neck and head surgery [1] [2] [3] [4] [5] [6] . It may provide solutions for generating a new bone tissue with good functional and mechanical qualities, reducing the risks and expenses of using autografts, allografts and metals [7] [8] [9] [10] .
During the last decades, different biomaterials of biological or synthetic origin have been designed with aim of acting as extracelular matrix composite scaffolds for new bone formation. Meanwhile, clinical uses require a series of biomaterial properties such as bioactivity, osteoconduction, osteoinduction, biocompatibility and biodegradation [11] [12] [13] [14] . Biomaterials play a key role in several biomedical applications, and it is imperative that both the materials and biological aspects are clearly understood for attaining successful biological outcome. Among Full Article biomaterials, calcium phosphates (CaP) are the most ubiquitous family of bioceramics well known for their use in biological applications [15] .
The chemical composition of calcium phosphate bioceramics is roughly equivalent to that of the inorganic matrix of human bone and is found to be the most suitable as implant materials. Major phase found in bone is hydroxyapatite (HAp, Ca 10 (PO 4 ) 6 (OH) 2 ) and the other commonly known phases are octacalcium phosphate (OCP), tricalcium phosphate (TCP), dicalcium phosphate dihydrate (DCPD, CaHPO 4 •2H 2 O) and dicalcium phosphate DCP bioceramics. Hydroxyapatite (HAp) is one of the frequently used bioceramics for bone and dental tissues reconstitution, which has excellent biocompatibility with hard tissues [16, 17] , and high osteoconductivity and bioactivity despite its low degradation rate [18] , mechanical strength and osteoinductive potential [19, 20] . It has also neither antigenicity nor cytotoxicity [21, 22] . In addition, it seems that using DCPD in bone tissue engineering is interesting, and a large number of studies have reported the advantages of using DCPD bioceramic [23] . For instance, a report indicated that the mechanisms of DCPD growth and dissolution were of interest because of the importance of this calcium phosphate in dental and bone regeneration applications [24] . The properties of the anhydrous and hydrated salts dicalcium phosphate, CaHPO 4 and CaHPO 4 •2H 2 O, have been studied for many years as their mineral forms, monetite and brushite. As members of the series of calcium phosphates, they have considerable biological importance with respect to the biomineralization processes in bones and teeth, and find practical uses in dental cements and restorative materials. It is also important to point out that the degradability of different calcium phosphates varies with the ratio of Ca/P, with the highest being that of DCPD, which usually results in the most extensive bone remodeling around the scaffold [25] [26] [27] [28] [29] .
BIOLOGICAL RESPONSE OF BIPHASIC HYDROXYAPATITE/TRICALCIUM PHOSPHATE SCAFFOLDS INTENDED FOR LOW LOAD-BEARING ORTHO-PAEDIC APPLICATIONS
Previous studies have used different forms of HAp but concerns have been raised regarding the limited degradation properties of this material [30, 31] . Therefore, biphasic composites of HAp and biodegradable material, like HAp/TCP have been studied as an alternative to HAp ceramics. Porous biphasic calcium phosphate composite bioceramics are expected to accommodate bone grow and this characteristic provides osteoconductive properties.
Porous bioceramics of HAp/TCP and HAp/DCPD generally biodegrade faster than bioceramics made of HAp due to the increased resorption rates relative to HAp implants of similar structures [32] . The bioresorbability of calcium phosphate ceramics appears to be dependent on their chemical/crystal composition, and on the environment of the implantation site [33] . Jarcho [34] has proposed the existence of two different biologic resorption pathways: one involving solution-mediated processes and the second involving cell-mediated processes. Contrary to expectations, the material more closely resembling the body's own hard tissue component (HAp) was found to dissolve much more slowly than many calcium phosphates not naturally occurring in bone, when similar ceramic structures and degrees of purity were used [35] . Table 1 ) were fabricated by polyurethane foam reticulate method. Polyurethane foam templates were purchased from Safoam (80 ppi, Iran). Typically, the polyurethane foam templates were replicated using the slurry by a repeated dipping-and-drying process. The samples were then air-dried, and after drying, the samples were heated to 1,050 ºC on a strict schedule, which minimized disruption during pyrolysis and allowed the bioceramic to achieve a high density. This heating schedule consisted of a heating rate of 0.5 ºC/min up to 800 ºC, held at this temperature for 1 h, then rapid heating of 5 ºC/min from 800 to 1,050 ºC, held at 1,050 ºC for 3 h, and then cooled in the furnace. Fig. 1 shows the prepared composite samples using polyurethane foam template. 
Preparation of SBF
Optical micrographs of C5 composite sample in an implant site 2 months post-operatively. (H.&E. magnification × 100). with Tris-buffer and HCl 1N at 37 °C [26] .
Sample characterization 2.3.1. XRD analysis
The samples surfaces were analyzed by XRD with Siemens-Brucker D5000 diffractometer. This instrument works with voltage and current settings of 40 kV and 40 mA respectively and uses Cu-Kα radiation (1.540600 Å). For qualitative analysis, XRD diagrams were recorded in the interval 10°≤2θ≤50°at scan speed of 2°/min.
FTIR analysis
The samples were examined by FTIR with Bomem MB 100 spectrometer. For IR analysis, 1 mg of the scraped samples were carefully mixed with 300 mg of KBr (infrared grade) and palletized under vacuum. Then the pellets were analyzed in the range of 400-4000 cm-1 with 4 cm-1 resolution averaging 120 scans.
SEM analysis
The morphology and microstructure of the synthesized samples were evaluated using SEM. The samples were coated with a thin layer of Gold (Au) by sputtering (EMITECH K450X, England) and then the morphology of them were observed on a scanning electron microscope (SEM-Philips XL30) that operated at the acceleration voltage of 15 kV.
Density, porosity and pore size measurement
For density and porosity measurements, the sintered specimens were initially subjected to ultra-sonic washing in distilled water for a few minutes. After drying the samples in a stagnant air oven at 90 °C, their dry weights were recorded. The porous specimens were then boiled in distilled water for about 3 h, and allowed to cool in water for 24 h. Wet weight in air and wet weight suspended in water were determined using an analytical balance (Precisa, 300S, Switzerland). Bulk density, apparent porosity, and volume fraction of porosity were calculated in our samples using the below formula (1), (2) and (3):
Volume fraction of porosity = 1 -(bulk density/theoretical density)
where W is the wet weight, D is the dry weight, and S is the wet weight suspended in water. In addition, the average pore size was calculated from micrographs taken using SEM.
Mechanical behaviour
For analyzing the mechanical behaviour of the composite samples, they were supplied in the form of cylinders with a mean diameter of 3.4 ± 0.5 mm, which were filled down to a length of 6.3 ± 0.7 mm. All mechanical testing was performed using a Zwick/ Roell 2005 with a crosshead speed of 0.01 mm/s. The compressive strength and modulus of elasticity were determined from mechanical test recordings. The modulus of elasticity was determined from the slope of the linear portion of the stress-strain curve.
Biological evaluation 2.6.1. In vitro study in SBF
We performed in vitro studies by immersion of the samples in SBF at a concentration of 1 mg sample per milliliter of the fluid at 37 °C for different time periods. All the reacted solutions were saved for ICP-AES (Varian Co., USA) analysis of Ca to measure ionic concentration in the SBF solutions. In addition, pH of the SBF solutions were measured by a calibrated pH meter every step and using a Corning pH meter 320.
In vivo implantation procedure, histological testing
For in vivo implantation, all specimens were sup-plied in the form of cylinders with a mean diameter of 3.4 ± 0.5 mm, which were filled down to a length of 6.3 ± 0.7 mm. Specimens were sterilized with ethylene oxide gas before implantation. Then, the specimens were inserted into defects made using a saline-cooled, diamond-tipped 3.5 mm trephine in the medial femoral condyle of rabbits (mature male New Zealand rabbits weighting about 3.5 kg). The rabbits were sacrificed for the assessment of the biomechanical properties of the implanted specimens and the observation of bone ingrowth by light microscopy. For histological examination, samples were decalcified in 10% formalin solution and sectioned into pieces 5~6 mm thick, then stained with hematoxylin-eosin and masons trichrome stain. The sections were examined with a light microscope.
The amount of fibrous tissue, new bone formation, and the presence of remodeling were qualitatively assessed. The presence of new lamellar bone and osteoclasts along the trabeculae of the newly formed woven bone were considered signs of remodeling.
Statistical analysis
All experiments were performed in fifth replicate. Tukey's HSD multiple comparison testing was used to determine the significance of the deviations in the strength and modulus of each sample. For all statistical tests, a p value of less than 0.05 was considered to be significant. All statistical analyses were performed with the software program SPSS for Windows, version 9 (SPSS Inc., Chicago, IL, USA). Fig. 2 shows the XRD patterns of the prepared composite samples. As it can be seen in this figure, the first sample (C1) shows the main characteristic peaks of HAp (Ca10(PO4)6(OH)2, JCPDS No. 09-0432) as the major phase, with a minor phase of β-tricalcium phosphate (Ca3(PO4)2, β-TCP, JCPDS No. 09-0169). It is also obvious that by further addition of the brushite phase to the composite samples the main characteristic peaks of β-TCP became more appear and finally for the C5 sample, β-TCP was the major phase. As the main product of pyrolysis of brushite at higher than 600 ºC is calcium pyrophosphate, and calcium pyrophosphate at higher than 1000 ºC react with HAp to form β-TCP, as shown in the following reactions (4) and (5) Fig. 3 shows the FTIR spectra, in the 400-4000 cm -1 spectral range, of the prepared composite samples. The C1 sample exhibited five important infrared bands of HAp located at: 560, 605, 710, 1040, 1640 and 3479 cm -1 . The characteristic PO 4 3-and OHabsorption bands of HAp were observed in the asdried sample along with the additional broad bands at 1640 cm -1 and 3479 cm -1 from the adsorbed H 2 O. In addition, the band at 1040 cm -1 arises from υ 3 PO 4 , the bonds at 560 and 605 cm -1 arise from υ 4 PO 4 . The FTIR analysis showed all typical absorption characteristics of the HAp powder, and according to these explanations, it is obvious that the synthesized powder is certainly HAp. The weak absorption peak at 880 cm -1 was assigned to the P-O-H vibration in the HPO 4 2-group [37] , which exists in non-stoichiometric HAp. It is worth mentioning that by further addition of brushite powder to the composite samples, the OH-absorption band disappeared and the spectrum obtained was characteristic of β-TCP. Also, the obtained results from the FT-IR spectrum of composite samples became similar to that of obtained results from XRD patterns [38] . 
RESULTS AND DISCUSSION

XRD analysis
FTIR analysis
SEM observations
In this study, SEM was used to observe the morphology of scaffolds microstructure. The low and high magnifications of SEM micrographs captured from the top view of composites which are shown in Fig.  4 (a) and (b). The observations indicate a network of interconnected pores. Also, the composites were porous with non-parallel aligned, and the pores were close to spherical shapes with the size ranged from 100 to 200 µm which can be desirable for bone cell growth [39] .
Mechanical properties
Generally, an ideal tissue engineering implant should be biocompatible and highly porous with adequate mechanical properties. For this purpose, the prepared nanocomposite samples were tested to determine the effects of using second phase on the mechanical properties of the samples. For natural spongy bone the elastic constant (E) is in the range of 20 to 500 MPa, compressive yield strength (σyeild) in the range of 4 to 12 MPa, and density (ρ) from 0.14 to 1.2 g/cm
3
. Also, these mechanical indices are different for compact bone which the elastic constant (E) is in the range of 3× 10 3 to 30 × 10 3 MPa, compressive yield strength (σ yeild ) in the range of 130 to 180 MPa, and density (ρ) from 1.8 to 2 g/cm 3 [40, 41] . In addition, Fig. 5 (a) , (b) and (c) show the elastic constant (E), compressive yield strength (σ yeild ) and density (ρ) of the prepared samples, respectively. As it can be seen in this figure, the In addition, elastic modulus values varied from 0.6 to about 1.2 GPa, σ yeild values varied from 15 to 35 MPa, and density values varied from 1 to 1.8 g/cm 3 . Also, according to Fig. 6 which shows the percentage of porosity of the samples indicated that the porosity values increased by further addition of the second phase, and it is worth mentioning that these materials seems to be suitable for low load-bearing orthopaedic applications. As can be seen in the SEM micrographs (see Fig.  4 ), the structure of samples are clearly porous. We can also distinguish the microporosities (<10 µm) which permit diffusion of ions and fluids from macroporosities (100-600 µm) which permit cellular colonization. The bioactivity process of different bioactive materials was studied in vitro and in vivo [43] . Here, the bioactivity process occurs under an acidic attack with H + at the material surface. This leads the dissolution of calcium phosphate crystals and a high release of Ca 2+ , PO 4 3- [44] . The concentration of Ca and P increase in the surrounding fluids and this supersaturation induces re-precipitation of apatite crystals [45] . These apatite crystals may also be incorporated by Ca 2+ , Mg 2+ , CO 3-, PO 4 3-or organic molecules present in the surrounding fluids [46] . This dissolution re-precipitation process leads to the formation of a carbonated apatite layer at the material surface and permits a chemical bond with newly formed bone. Solubility of calcium phosphate porosity, grain size, crystallinity, sintering temperature and so on [47, 48] . For instance, an increase in the sintering temperature leads to an increase of the HAp crystal size and finally reduces its solubility.
On the other hand, the solubility increases with the porosity and pores size. Fig. 8 (a) and (b) show the SEM micrographs of the scaffolds after immersion for 2 weeks. According to the observations, scattered and small particles were covered on the surface of the scaffold pore walls after immersion which is shown in Fig. 8 (a) . Substantial amount of apatite microparticles formed on the surfaces of the pore walls throughout the scaffold. After that the whole inner pore wall surfaces of the scaffold were covered by a layer of apatite, and the underlying surfaces were not clearly observable. Also, it is predictable that a longer immersion time of the scaffolds led to more apatite formation.
In vivo evaluations
Apatite mineralization of bioactive materials is thought to be an important phenomenon in the chemical interactions between the implant materials and the bone tissue, which ultimately affects the in vivo osteogenesis of the bone grafting materials. Fig. 9 shows the optical micrograph of in vivo examination of sample C5 after two months. According to the obtained results, no inflammation, tissue necroses, or tissue rejection was observed after implantation. Generally, during the in vivo process at onemonth post operation, fibrous connective tissue and blood vessels grow into the macropores, contributing to the early fixation of the specimens. However, there is no new bone formation in the macropores and few macrophages are detected on the macropore surfaces. Herein, new bone formation occurred on the surface and macropore walls of specimens, as osteoids and osteoclasts were evident at two months postoperatively. The fusion of the specimen and the host bone was realized through the bonding of new bone three months postoperatively. The new bone occupied most of the macropore spaces, and a new bone tissue layer developed on the inside surface of the specimen and replaced the previously mentioned connective tissue membrane two months postoperatively. In general, it is expected that in such implantation, osteoblasts develop one month postoperatively, bone marrow starts to develop in new bone tissues at two months postoperatively, and bone tissue tends to mature with the development of osteocytes and bone marrow greater than two months postoperatively. Dissolution properties of the biphasic HAp/ TCP had important effects on bone formation at various implantation periods. The further degradation of the biphasic specimen provided rich Ca and P ions for new bone formation, and the thinner regions of the macropore walls disappeared and small pores emerged at the same sites due to the previous dissolution of crystal particles on the macropore surfaces. These small, newly formed pores enabled the macropores to penetrate each other significantly, this contributed to new bone growth into the macropores [49] .
CONCLUSIONS
In conclusion, the experiments provide data to support the use of the composite scaffolds in bone repair applications. Biomineralization studies showed that the deposition apatite phase on the surface of the scaffolds ascertaining the bioactive nature of the scaffolds. Also, the in vitro and in vivo results showed that the scaffolds were biocompatible, and no inflammation, tissue necroses, or tissue rejection was observed after implantation. The success of applying biomaterials composed of HAp and DCPD as scaffolds for generating a new bone tissue is related to the fact that this combination is biocompatible and forms a favourable three-dimensional matrix for human osteoblast cells to adhere and spread, associating the advantage of TCP osteoinduction to the superior bioactivity and osteoconduction of HAp. 
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